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Abstract 
 
The work presented in this paper describes a new low parameter mathematical model 
representing the force and moment components generated in an aircraft tyre for use in the 
computer simulation of takeoff, landing and taxiing manoeuvres of an aircraft. As such the 
problems addressed fall in the area of ground vehicle dynamics and the modelling of the tyre 
presents similar challenges to those involved in modelling automotive tyres, albeit on a much 
larger scale in terms of the size and the loads on the tyre. 
The model has been implemented in the Matlab/Simulink environment and designed to 
run initially with aircraft models defined by the industry standard multi-body systems 
program MSC.ADAMSTM.  
An overview is provided of current automotive and aircraft tyre models along with a 
critique of the application and capabilities of these existing models for aircraft simulation. 
The need for a model which can be used to fit the limited range of data available for aircraft 
tyres, compared with automotive tyres, is also discussed. 
The proposed Low Parameter Tyre Model (LPTM) uses a small set of model parameters 
that can be obtained without recourse to special software and can be easily manipulated to fit 
the model to available tyre test data. The model has been exercised and compared with two 
existing tyre models, using a multibody computer model of a tyre test machine and has been 
shown to produce improved predictions of the important forces and moments generated in a 
tyre contact patch when validated against test data. The evaluation at this stage is related to 
the tyre characteristics needed to simulate vehicle braking and cornering manoeuvres and the 
validation is against available test data for the lateral force and aligning moment arising due 
to slip angle. 
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Nomenclature 
 
ADAMS Multi-body Simulation Package from MSC 
Ay Side Force Shape Factor (LPTM Tyre Model) 
Aya Side Force Shape Factor Coefficient a 
Ayb Side Force Shape Factor Coefficient b 
Cα Cornering Stiffness 
Cα,LPTM Base LPTM Cornering Stiffness Parameter 
Cxpt,α Pneumatic Trail Gradient Parameter 
Cxpt,Fz Cxpt,α Gradient Coefficient 
Cxpt,INT Cxpt,α Intercept Coefficient 
EPSRC Engineering and Physical Science Research Council 
Fx Longitudinal Force 
Fy Side/Lateral Force 
Fy,α Side Force due to Slip Angle 
Fy,max Maximum Side Force for a Particular Vertical Force 
Fy1 Side Force Generated Before the Critical Slip Angle 
Fy2 Side Force Generated After the Critical Slip Angle 
Fy,α,1 Side Force Created Before the Critical Slip Angle Due to Slip Angle 
Fy,α,2 Side Force Created After the Critical Slip Angle Due to Slip Angle 
Fy,TD Side Force from Actual Test Data 
Fz Vertical Force/Normal Force 
Fz1, Fz2, Fz3 Different Applied Vertical Loads on the Tyre 
kz Vertical Tyre Stiffness 
LPTM Low Parameter Tyre Model 
Mathworks Software Supplier (Supplies MATLAB) 
MATLAB Data Analysis Program Created by Mathworks 
MSC Software Supplier (Supplies ADAMS) 
Mx Overturning Moment 
My Rolling Resistance Moment 
Mz Self Aligning Moment 
P Centre Point of Tyre Contact Patch 
Simulink Dynamic System Simulation Package Built into Mathworks MATLAB 
V Forward Velocity of the Wheel 
  
4 
 
Vx Longitudinal Velocity of Contact Patch Centre 
Vy Lateral Velocity of Contact Patch Centre 
WC Wheel Centre 
xpt Pneumatic Trail 
xpt,zero Pneumatic Trail Intercept Parameter 
xpt,zero,Fz xpt,zero Gradient Coefficient 
xpt,zero,INT xpt,zero Intercept Coefficient 
xSAE x-axis of SAE Axis System 
ySAE y-axis of SAE Axis System 
zSAE z-axis of SAE Axis System 
α Slip/Yaw Angle 
αc Critical Slip Angle 
γ Camber Angle 
ζ Tyre Vertical Damping Ratio 
μ Coefficient of Friction 
μpeak Maximum Side Force Divided by the Vertical Force 
μvx Velocity Parameter 
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1 INTRODUCTION 
 
The need for a model that represents the physical behaviour of the interaction of an aircraft 
tyre in contact with the runway can be traced back to the middle of the last century when 
engineers and scientists began the search for mathematical theories to model the forces and 
moments generated in the tyre to runway contact patch. Those early efforts were driven by a 
phenomenon known as wheel shimmy, often manifested as a violent and sudden vibration in 
the nose landing gear on landing. The challenge to understand the contribution of the tyre in 
the context of wheel shimmy received considerable attention from the researchers of the time 
at the NASA (North American Space Agency) Langley Research Centre and resulted in 
seminal publications by Smiley and Smiley and Horne [1,2].  The Smiley and Horne paper 
[2], Mechanical Properties of Pneumatic Tires with Special Reference to Modern Aircraft 
Tires (NASA Technical Report NASA-TR-64) is still, almost 50 years later, widely regarded 
for the authority of the work presented, to the extent that the model described there is still 
commonly referred to, using the NASA report reference number, as the R-64 model. 
 
Tyre modelling is important in a modern virtual engineering environment where it is now 
common practice, in both the automotive and aerospace industries, to make use of computer 
programs utilising a multibody systems approach to model and simulate ground vehicle 
dynamics and in particular the handling performance of a vehicle. It should be noted that in 
this paper the behaviour of an aircraft when in contact with the runway, during landing, 
takeoff or taxiing, is considered to be a vehicle dynamics problem.  
 
For automotive applications the use of simulation tools has become firmly established 
over the last two decades and computer models are now widely used in the design and 
analysis of a vehicle well ahead of any work with prototype vehicles in the laboratory or on 
the proving ground. The software used for such purposes now falls broadly into two camps; 
programmes which are specifically aimed at vehicle dynamics applications such as Carsim, 
Carmaker or VDyna and programmes which are regarded as general purpose multibody 
codes, such as MSC.ADAMS or Simpack. The general purpose codes can handle a wide 
range of mechanical simulation applications in addition to having vehicle dynamics capability 
and as such have more common use in both the automotive and aerospace sectors. It should 
be also noted that modelling and simulation tools such as Matlab/Simulink can also be used 
directly to model vehicle dynamics and are most suitable for control applications where 
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detailed modelling of mechanical systems, suspension linkages and the like, are not included. 
Another mode of operation, as in the work described here, is to use Matlab/Simulink and a 
general purpose multibody programme together.  
 
MSC.ADAMS is the multibody systems programme used to support the work presented 
in this paper and in the automotive industry is commonly used, for vehicle dynamics and a 
range of other applications, to represent the various subsystems comprising the suspension 
linkages, springs and dampers, anti-roll bars, powertrain and vehicle body. The growing use 
of computer simulation in the last two decades has led to derivative programs such as 
ADAMS/CarTM and ADAMS/ChassisTM that offer customised screen layouts facilitating the 
rapid construction of a model and subsequent simulation of laboratory and proving ground 
test procedures. The outputs from the simulations of the full vehicle allow a graphical 
animated presentation of the vehicle trajectory and the plotting of graphs showing time 
histories for the vehicle responses including, for example, lateral acceleration, body roll angle 
and yaw rate. As such these derivative programmes fall into the same specialist class of 
vehicle dynamics software as Carsim, Carmaker and VDyna. 
 
Before a vehicle dynamics computer simulation can be performed the tyre force and 
moment characteristics must be estimated, predicted or obtained from experimental tests 
using laboratory based test machines, such as the High Speed Dynamics Machine, used for 
automotive tyres, formerly located at the Dunlop Tyres Research laboratory in the UK and 
illustrated here in Figure 1.   
 
Using a tyre test machine, it is possible to measure the resulting force and moment 
components generated due to the distribution of pressure and stress in the contact patch for 
various camber angles, slip angles and a range of values for the vertical force. It is also 
possible to drive or brake the tyre and measure the forces generated due to longitudinal slip. It 
should be noted that complex simulations that aim to map a full range of behaviour involving 
combined driving or braking with cornering require more tyre model parameters and will 
require an extensive and expensive programme of tyre tests to be performed. 
 
The use of nonlinear finite element methods and programmes such as Abaqus 6.1 
(Dassault Systemes) to develop predictive models of tyre behaviour is also evolving and can 
be used to investigate, for example, the behaviour in the tyre contact patch. An example of 
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such a study is the work by Gruber [3] where a detailed study of the friction and camber 
influences on the static stiffness properties of a racing tyre is presented. Other reasons why 
models of this type can be considered useful are to support the delivery of design targets 
aimed at reducing weight while improving the structural performance of the tyre or using the 
model to predict in detail the transfer and distribution of load to the supporting wheel 
structure. The modelling and simulation challenges for a component as structurally complex 
as a tyre, whether automotive or aircraft, are considerable and a detailed treatment of this 
subject area is outside the scope of this paper. 
 
For the applications considered in this paper a finite element model of a tyre would be 
of most use in providing a virtual test facility capable of simulating an equivalent programme 
of tests, as required in a laboratory test facility, to deliver the model parameters used, 
typically in empirical models, for vehicle dynamics simulations. A more detailed 
consideration of models used at this stage follows in section 2. 
 
For the existing empirical tyre models, the model most established and used is the Magic 
Formula or MF tyre model resulting from the widely recognised work of Pacejka and his 
associates [4-6]. The MF tyre model is known to give an accurate representation of measured 
tyre characteristics, is internationally accepted and applied widely by both industry and 
academia. The model formulation uses modified trigonometric functions to represent the 
shape of curves, generally resulting from a programme of tests, representing the tyre forces 
and moments as functions of either longitudinal slip for tractive forces or slip angle for lateral 
forces and aligning moments. The complexity of the model and the simulation being 
addressed do however mean that a large number of model parameters may be needed, 
depending on the simulation to hand, to define the tyre model. This generally means that 
specialised software must be obtained or developed to derive the parameters from the 
measured test data.  
 
A more basic and easily obtainable representation of the tyre force and moment 
characteristics is provided by the Fiala tyre model, which although generally used in 
automotive applications was first presented for consideration with aircraft tyres [7, 8]. This 
model also uses an empirical formulation to represent the tyre force and moment 
characteristics and although not capable of the accuracy obtainable from the Magic Formula, 
has the advantage of requiring only 10 parameters, the physical significance of which are easy 
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to comprehend. The parameters can also be easily and rapidly obtained from the measured 
tyre test data with no requirement to use special software. The drawback is that this model is 
not suitable for combined braking and cornering and has other limitations including; an 
inability to model camber thrust, a lack of load dependence in modelling cornering stiffness 
and the inability to model offsets in lateral force or aligning moment at zero slip angle due to 
plysteer or conicity. 
 
Before a more detailed consideration of the tyre modelling subject, it is necessary to 
consider the scale of the problem in capturing data to support the mathematical representation 
of an aircraft tyre. While for automotive applications a test programme covering vertical loads 
in the range 2kN to 8kN and slip or camber angles up to 10 degrees is typical, the operating 
conditions for an aircraft tyre are far more extreme.  For the aircraft tyre model discussed in 
this paper, loads of up to 300kN and tyre yaw (slip) angles of up to 90 degrees were 
considered as representative of the conditions that can occur during take off, landing and 
taxiing manoeuvres for a large aircraft. The image shown in Figure 2, taken in the Airbus 
laboratories at Filton, is included here to illustrate the shear size of the tyres. Aircraft tyres on 
this scale are simply too big to be accommodated by most tyre test facilities normally used for 
automotive tyres. 
  
In order to test tyres on this scale specialised facilities are required such as the NASA 
Installation used by Daugherty [9]. For the work described here, access to test results from the 
Airbus tyre test machine (Figure 3), TERATYRE, was available and provided the data 
resource for model validation. 
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2 TYRE TESTING AND MODELLING 
 
The testing of aircraft tyres presents a unique demand upon the capabilities and capacities of 
suitable test facilities when considering the information relating to ground handling scenarios. 
With the increase in size and demand for various modern aircraft, the requirement for 
understanding the boundaries of the ground interactions and responses of tyres has also 
increased. As such the extended performance requirements of aircraft tyres compared with 
automotive tyres is significant. An example of this can be seen with the recent Airbus A380 
which shows that the tyres for this aircraft (sizes for the nose and main gear are 1270x455 
R22 and1400x530 R23 respectively [11]), are far larger than normal automotive tyres and this 
is extenuated by the loads and operational conditions that they have to support (examples of 
the rated load for the two tyres are 244kN and 334kN [11]). This extended requirement for 
larger tyres presents a unique scenario when considering the test facilities involved in the 
process. 
 
 There are currently a number of facilities which can test aircraft tyres and they all have 
various capacities when generating the required data. NASA’s Langley site is one such 
example where various test programmes have been employed to engage in a variety of 
different studies (examples from Tanner et al and Daugherty [12 14]). The test facility can 
replicate speeds up to 253mph, impose vertical loads up to 289kN and generate slip angles up 
to 15o [15]. This has been supported further with the creation of a flying test bed where a 
Convair 990 was modified to carry an extra landing gear so that an additional tyre could be 
tested and examined during actual operational conditions.  This test bed had the capacity to 
replicate speeds up to 264mph, exert vertical loads of up to 668kN and produce slip angles up 
to 15o [16]. Other facilities which are utilised are stationary dynamometers such as those from 
Bridgestone and MTS [17, 18]. These dynamometers can normally reach the desired vertical 
loads when testing aircraft tyres. However, they are normally limited to 20-30o of slip angle 
generation which is around a third of the overall value required. More recently the ability of 
current test beds has been extended through the work being conducted at Airbus [10]. Figure 
3 shows an example of the test rig which is called the TERATYRE. The whole rig can move 
and test the tyre along curved and linear trajectories. This produces much higher slip angles 
than normal dynamometers, but as the entire rig is moving with the tyre it has a limited speed 
capacity. 
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 The scenario of a low parameter tyre model for initial simulations of the handling 
characteristics specifically for aircraft applications has previously been described where the 
resultant principal forces and moments for the tyres are replicated. These are based upon the 
results which are generated through various test facilities, examples of which have been 
described here. These test facilities all have their limitations because of the extremes in 
operational conditions which need to be replicated. This means that there are areas of aircraft 
tyre operation, as illustrated in Figure 4, which are difficult within the current knowledge to 
fully replicate, through testing requiring engineers to draw on the use of lineage, simulation 
tools and modelling.  
 
 The role and type of tyre testing is of the upmost importance when determining the 
capability of any tyre model. The roles and variety of tyre models to predict the outputs of a 
tyre for a number of scenarios will inherently require an extensive range of data in order to 
understand the mechanisms involved to the level required to generate responses which are 
accurate for a range of operational conditions. This requirement has led to a variety of tyre 
models being created which meet the needs of various applications. The current availability of 
data means that empirical based models have boundaries through which uncertainty will be 
generated due to difficulties in validation provided by the lack of test data. Physical tyre 
models however have the provision to provide a unique insight into the detailed workings of 
the tyre at macro and microscopic levels which can result in some of these uncertainties being 
answered. 
 
 Models specifically for handling and dynamic cases along with physical and durability 
models all have their own unique area of application. However, crossing these boundaries to 
unify the models creates an extremely high demand on the amount and accuracy of the data 
involved (be it for various forms of material or full tyre testing). Incorporating into this the 
wide ranging applications of tyres and the operational boundaries means that the complexity 
of the models increases rapidly. Table 1 provides a summary relating to the scenario 
surrounding tyre models which could be utilised through environments such as multibody 
simulation packages. For a more predictive model at a basic level, levels the complex 
replication of the internal structure of a tyre is needed. Over the past few decades the 
exploitation of computer aided engineering and principally multibody and finite element 
analysis packages have seen the detailed and predictive capability for modelling tyres reach 
significantly high levels of complexity. 
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 A good example of a multi functional tyre model is FTire which uses the bases of a 
flexible ring and belt element incorporating a number of components to make it both suitable 
for multi-body and finite element simulation. The model comprises a number of radial 
elements consisting of springs and spring dampers to represent components of radial and 
tangential stiffness. This is further extended by the addition of a number of point masses on 
the outer radius to represent the belt elements which are interconnected to account for the 
radial, lateral and tangential movements of the belt through the use of tyre belt and bending 
stiffness (further details are given by Gipser [19, 20]). This integrated approach allows the 
model to be used successfully in ride, handling and durability studies for high and low 
frequency responses and for high or low wavelength obstacles. This model can determine 
both the in plane and out of plane dynamics of the tyre for a variety of different scenarios. 
 
 Physical tyre models have expanded from the low to high frequency capability along 
with in and out of plane dynamics to evaluate the scenarios of vibration and shear states 
within the tyre. These areas are continually being researched, refined and expanded upon to 
extend the understanding and responses of the models for modal and shear force generation 
which is paramount to determining the performance of the tyre. Brush models like the widely 
known Sharp model [21] to more recent accounts such as Tsotras and Mavros [22, 23] show 
that the work continually expands and refines these models with ever increasing complexity 
due to the advancements in computation power which is available. Models which incorporate 
both scenarios start to significantly push the computational demands due to the increase in 
required elements such as beam or truss based elements. 
 
 Alternative views of the physical models being employed and gaining complexity 
arise through the finite element method/analysis. Again as the software and hardware for 
these applications has increased so has the demand to understand the particular properties and 
construction of the tyres involved (examples of a typical tyre and wheel construction within 
an FEA package can be seen in Figure 5 which is from work being conducted at Coventry 
University). The modelling capabilities stemming from one, two and three dimensional 
analysis hinges on the availability or determination of the data relating to the detailed tyre 
material properties and construction. Determining the geometric and material properties of 
tyre carcass components (such as the tread, sub tread, under tread, sidewall, apex, clinch, 
bead, bead wrapping, inner liners, multi-layered ply’s, breakers and cushions strips) requires 
detailed treatment before modelling can commence. Recent work such as that carried out by 
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Yang [24] highlights this complexity when having to determine such characteristics as the 
rubber material’s hyperelastic and viscoelastic properties (determined through uni-axial 
tension tests and modelling in a CAE package) and the reinforcement elastic modulus 
properties (determined through a Dynamic Mechanical Analysis). This process highlights the 
number of properties which need to be ascertained along with selecting the appropriate 
modelling approaches (such as a suitable elastomeric strain energy function like those of 
Ogden, Gent and Arruda-Boyce) to be able to replicate the responses of the tyre accurately. 
Some other examples of the employment and practicalities of work in this area can be seen in 
Ojala and Alkan [25, 26]. This increasing interaction between the various material layers in 
the tyre along with the considered interaction of linear and nonlinear elements is pushing the 
boundaries of analysis involved, the level of material properties required and the elements 
which will subsequently replicate them within the simulation environment. The employment 
and precision of these simulations depends upon the boundary conditions being used and the 
particular type of output being explored. 
 
 To maintain pace with the continuing development of new technologies and material 
implementation within the tyre industry, it is desirable that all varieties of tyre models can be 
utilised in the design and development cycle. Each has an important part to play in the role of 
development but the boundaries through which they are employed are continually changing to 
meet the current needs of the industries employing them. 
 
 In automotive vehicle dynamics, early attempts to represent the tyre with a full vehicle 
in a multibody simulation made use of the raw tyre test data where the measured data was set 
up in tabular form and interpolated during the computer simulation. Interpolation methods are 
not useful however for investigations involving variations in tyre parameters, such as 
cornering stiffness, and hence mathematical models have evolved to aid design studies where 
the tyre is considered together with the vehicle. Advances in tyre modelling have led to 
empirical models that are used to fit equations to the measured test data. The quality of the 
model will be a compromise between accuracy, the relevance of the parameters and the 
availability of methods to generate the parameters. In addition to the finite element based 
models discussed earlier, models which are more useful for vehicle dynamics studies have 
also been developed using a physical representation of the tyre, such as FTire [27]. These 
models tend to be more useful for off road applications investigating vehicles traversing 
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uneven terrain and or durability studies simulating tyre impacts with road obstacles such as 
potholes and kerbs. 
 
An initial objective for the work described in this paper was to review a range of tyre 
models used specifically for automotive or aircraft applications and models initially 
developed for automotive applications but adapted for aircraft. Table 1 provides a summary of 
some of the most popular models which are currently being widely utilised. 
 
It can be seen that there is a distinct shortage of models which have been specifically 
designed for the purpose of replicating the responses of an aircraft tyres. From this review it 
was also found that for aircraft applications, one of the most comprehensive models is the 
NASA R-64 model [2]. As discussed earlier, this model was created in the 1960’s and is 
based on small bias-ply tyres available at the time. Modern bias-ply aircraft tyres, along with 
increasingly utilised radial tyres, are significantly different in size and construction thus 
limiting the model’s capability to represent modern aircraft tyres. This model has been subject 
to further development utilising modern aircraft tyre test data and adapting the original model 
to increase its capability through the work of Daugherty [9] and Tanner et al [36].  
 
Despite this work, it is clear from Table 1 that aircraft simulation engineers are faced 
with a distinct lack of choice of tyre model, compared with their automotive counterparts, 
particularly in being able to select the model most suitable for a given application or a model 
which will be most robust for the test data available. The last point here is highly relevant 
given the difficulties involved in making available aircraft tyre test data for the wide range of 
conditions that occur in service. From this, a need can be clearly identified for an aircraft tyre 
model that can capture the main tyre contact patch force and moment characteristics from a 
limited range of data and provide a platform to which capability can easily be added as more 
data becomes available. 
 
 The starting point for the modelling work described in this paper was to consider the 
performance of the Fiala and Harty tyre models to represent the available aircraft tyre test 
data, both models being identified as having a low number of model parameters that could be 
obtained from a limited range of data. For automotive work, the Harty model was already 
considered to overcome some of the limitations of the Fiala model, particularly in the 
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representation of self aligning moment. The main features of the model as described by 
Blundell and Harty [32] include: 
 
• Use of an empirical representation of tyre properties 
• Use of a simplified implementation compared with the Magic Formula 
• Inclusion of a more complete implementation than the Fiala tyre model 
• Production of faster solutions  
• Provision of robustness for prolonged wheel spin and low grip conditions 
• Capability of modelling comprehensive slip for combined cornering and braking 
• Modelling of the dependence of cornering stiffness on tyre load 
• Inclusion of camber thrust  
 
The Harty model was implemented in MSC.ADAMS using a Fortran subroutine. In 
MSC.ADAMS a subroutine interface known as a Tirsub is provided for users to modify and 
integrate their own tyre models with the main code. An example listing for an earlier nine 
parameter version of the Harty Tyre Model in this format is provided by the authors in 
Blundell and Harty [37]. 
 
For simulation on a flat road surface or runway, the function of the tyre model is to 
represent the forces and moments occurring at the tyre to road contact patch and resolve these 
to the wheel centre and hence into the vehicle or aircraft. For the model developed here, the 
forces and moment at the tyre to road contact patch are formulated using the SAE tyre 
coordinate system shown in Figure 6, where the slip angle α and camber angle γ are presented 
as positive. The forces and moments calculated can include: 
 
• Fx - longitudinal tractive or braking force, 
• Fy – lateral (side) cornering force, 
• Fz - vertical normal force, 
• Mx – overturning moment, 
• My – rolling resistance moment, 
• Mz - aligning moment. 
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Note that in aircraft engineering the term side force is normally used for lateral force. The 
overturning moment Mx and the rolling resistance moment My, can be included if they are 
considered significant for the particular analysis. Both of these moments occur due to the 
vertical force in the actual tyre being offset from the tyre model contact point P. For 
automotive applications the rolling resistance is important for fuel economy. For aircraft, the 
overturning moment is of more significance and was considered in the work by Smiley and 
Horne [2] to result from lateral movement of the contact patch relative to the wheel plane due, 
to both slip and camber angle. 
 
For both the Fiala and Harty models the tyre test data in the form of measured side 
(lateral) force and self aligning moment with slip angle was taken at three values of vertical 
loads (Fz1, Fz2, and Fz3 are different vertical loads applied to the tyre to represent the 
operational range of the tyre) and used to directly obtain model parameters. At this stage, the 
model formulations were programmed into an Excel spreadsheet to investigate the model fit 
to test data. For the two models the comparisons with test data for plots of lateral force with 
slip angle are provided in Figures 7 and 8, while plots of self aligning moment with slip angle 
are provided in Figures 9 and 10. 
 
From the graphs it can be seen that for the representation of side force, the 
performance of the Fiala and Harty models are broadly similar with a good representation of 
cornering stiffness at close to zero slip angle and good agreement across the range of slip 
angles at  the lowest load. For the self aligning moment, the Harty model performs better than 
the Fiala model but for both models the match with the test data requires development across 
the range of load and slip angle. 
 
In developing a low parameter aircraft tyre model, areas such as the load dependency 
of the cornering stiffness, the onset of the peak side force along with the maximum self 
aligning moment and its intercept with the horizontal axis were amongst those immediately 
identified as requiring attention. 
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3 LOW PARAMETER TYRE MODEL 
 
From the study described in the previous section it was seen that significant changes would be 
needed to create a model which could accurately replicate the aircraft tyres responses. The 
Harty model was utilised as a base to examine these relationships; however considerable 
modifications and development were required before the model was capable of accurately 
replicating aircraft tyre test data. As a result the new tyre LPTM tyre model (Low Parameter 
Tyre Model), was created and what follows is a description of how the model replicates the 
side force (also known as the lateral force) and self aligning moment of an aircraft tyre. Only 
the side force and aligning moment were fully investigated as test data for braking was not 
available. Modelling the rolling resistance was not considered essential at this stage and data 
for overturning moment was not available.  
 
The LPTM model uses the 17 parameters listed below: 
 
• αc Critical Slip Angle 
• Ay Side Force Shape Factor 
• Aya Side Force Shape Factor Coefficient a 
• Ayb Side Force Shape Factor Coefficient b 
• Cpα Cornering Stiffness Parameter 
• Cα Cornering Stiffness 
• Cα,LPTM Cornering Stiffness of Base LPTM Model 
• μ Coefficient of Friction 
• μvx Friction due to Velocity 
• kz Tyre Vertical Stiffness 
• ζ Vertical Damping Ratio 
• Cxpt,α Pneumatic Trail Gradient Parameter 
• Cxpt,Fz Cxpt,α Gradient Coefficient 
• Cxpt,INT Cxpt,α Intercept Coefficient 
• xpt,zero Pneumatic Trail Intercept Parameter 
• xpt,zero,Fz xpt,zero Gradient Coefficient 
• xpt,zero,INT xpt,zero Intercept Coefficient 
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The significance of these parameters will become clear in the following discussion 
outlining the formulae used for each of the tyre force and moment calculations. The side force 
(Fy also known as the lateral force) representation is provided through the utilisation of an 
exponential function to generate the overall shape of the response along with a number of 
parameters to control the overall result inline with the trends seen within the aircraft tyre test 
data. To achieve this end, the side force response was broken down into three main 
components which could be seen to govern the relationship; these are summarised within 
Figure 11. Controlling these factors and accounting for vertical load effects was paramount in 
determining an accurate and flexible model. 
 
Consequently these factors were factored into the main equation so that the responses 
could be controlled in the desired manner. This was ultimately achieved by utilising two 
equations which governed the side force generation. The first equation (Fyα,1) covers the 
response up to the critical slip angle (αc), this being the point at which the maximum side 
force is first observed; then the second equation (Fyα,2) governs the response past this point. 
The two overall side force equations along with their boundary conditions can be seen in 
Equations 1 and 2 along with the slip angle (α) calculation shown in Equation 3. 
 
 For α < |αc| then: Fy, α, 1 = (1 - e ( - (Cpα + Ay) (α / αc) )) μ Fz SIGN (-α) (1) 
  
 For α > |αc| then: Fy, α, 2 = (1 - e ( - (Cpα + Ay) αc )) μ Fz SIGN (-α) (2) 
 
 





=
x
y
V
V
arctan α  (3) 
 
The overall magnitude of the side force is controlled by the vertical force (Fz) and the 
coefficient of friction (μ). The original method of calculating the vertical load is determined 
using a linear representation factoring the vertical stiffness with the vertical displacement of 
the tyre contact patch and a tyre damping coefficient factored with a rate of change of tyre 
vertical displacement. This was then extended using a polynomial to represent the nonlinear 
vertical force-displacement behaviour of the tyre characterised by testing. The coefficient of 
friction has also been modified to introduce dependency on vertical load and longitudinal 
velocity. This relationship can be seen in Equation 4 where C1 is a coefficient which is 
determined for the particular tyre according to the rate of change of coefficient of friction with 
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vertical load. The longitudinal velocity is accounted for through the velocity parameter (μvx) 
which accounts for the way in which the relationship between the coefficient of friction and 
longitudinal velocity changes the intercept value of the response. 
 
 vxz1 μF Cμ +=  (4) 
 
The critical slip angle (αc) is the point at which the initial onset of the maximum side 
force occurs. The relationship can be seen in Equation 5 where the coefficients C2 and C3 
relate to the gradient and intercept values of the resulting equation applied to the critical slip 
angle versus vertical load relationship.  
 
 3z2c CF Cα +=  (5) 
 
The final two parameters for the side force equation relate directly to controlling the 
gradient change of the response up to the critical slip angle. The cornering stiffness parameter 
(Cpα) relates directly to the cornering stiffness (Cα) of the tyre, i.e. the initial gradient of the 
response of a side force versus slip angle graph. This parameter controls the gradient of the 
initial response and has been created to be load dependent. The side force shape factor (Ay) 
then works in conjunction with the cornering stiffness parameter to govern the rest of the 
response up to the critical slip angle to ensure that a continuous change between the two side 
force equations is achieved. This relationship is found by reverse calculating the gradient 
relationship by rearranging the side force equation and inputting the test data to it. The 
resulting relationship delivers the base side force shape factor which can be split into the two 
parameters of interest, i.e. the cornering stiffness parameter and the side force shape factor. 
 
Using the side force shape factor relationship, the initial values of the response can be 
used to control the cornering stiffness parameter. This is achieved by taking the cornering 
stiffness and dividing it by the LPTM cornering stiffness (Cα,LPTM); this relationship is shown 
in Equation 6. The LPTM cornering stiffness is found by reversing the relationship seen 
within Equation 6 and inputting the known test data so that it acts as a base from which the 
actual cornering stiffness can be controlled. 
 
The rest of the base side force shape factor response can then be used, minus the 
effects of the cornering stiffness parameter, to determine the side force shape factor which 
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will then control the rest of the gradient change; this relationship can be seen in Equation 7. 
The relationship is controlled by two coefficients Aya and Ayb which are determined from the 
base side force shape factors. 
 
 
LTPTMα,
α
pα C
C
C =  (6) 
 
 Ay = Aya e ( Ayb | α | ) (7) 
 
The self aligning moment (Mz) formulation for the LPTM tyre model is based upon 
the side force multiplied by the pneumatic trail (xpt); this relationship is shown in Equation 8. 
Therefore it was assumed that if an accurate side force calculation can be generated then an 
accurate aligning moment will result if the pneumatic trail is predicted correctly.  
 
 ptyz  xFM =  (8) 
 
By using Equation 8 the relationship of the pneumatic trail could be determined by 
rearranging the equation and inputting the test data. It was seen that this equation could be 
represented by linear relationships. Consequently the two parameters of interest were the 
pneumatic trail gradient parameter (Cxpt,α) and the pneumatic trail intercept parameter 
(xpt,zero). These two parameters relate directly to the linear relationship determined to replicate 
the pneumatic trail response. As shown in Figure 12, these two parameters relate directly to 
the way in which the gradient and intercept values change and were also made load 
dependent. 
 
To determine the pneumatic trail gradient and intercept parameters, the gradient and 
intercept values of the pneumatic trail responses for various vertical loads were taken and 
plotted against the vertical load. These plots yielded the relationships for the pneumatic trail 
gradient and intercept parameters. Consequently these relationships were used for the 
parameters where the gradient values of the relationships (Cxpt,Fz and xpt,zero,Fz) and intercept 
values (Cxpt,INT and xpt,zero,INT) were input to determine the main parameters; these 
relationships are summarised in Equations 9 and 10. The final formulation of pneumatic trail 
is given in Equation 11. 
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 INTxpt,zFzxpt,αxpt, CF CC +=  (9) 
 
 INTzero,pt,zFzzero,pt,zeropt, xF xx +=  (10) 
 
 zeropt,αxpt,pt xα Cx +=  (11) 
 
To demonstrate the capability of the model, what follows is a comparison of the 
LPTM model with the aircraft test data. The model was set up using the established 
procedures without any subsequent refinement to the model parameters. The model was then 
used to calculate results which used the operational conditions seen within the test data i.e. the 
range of vertical loads and slip angles. The model results were then plotted against the aircraft 
test data and the results for the side force and aligning moment can be seen in Figures 13 and 
14. 
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4 MODEL IMPLEMENTATION AND SIMULATION 
 
For the model described here a technique known as the Control System Import Function 
provided with MSC ADAMS was used to import Mathworks Simulink models to control a 
particular aspect of a multi-body simulation, in this case the tyre model. The principle behind 
this technique is to allow the strengths of both ADAMS and Simulink to be combined into 
one modelling arena. It was known that this technique was primarily used to import hydraulic 
and control systems into ADAMS and that the potential for implementing tyre models 
through this methodology had not been explored. As a result the development of the new tyre 
model coincided with the development of the procedures required to implement the tyre 
model into the simulation environment.  
 
To achieve this end, ADAMS and Simulink were set up so that a desired multi-body 
simulation was created within ADAMS while Simulink supplied the resulting information 
from the tyre model. The Control System Import Function was then utilised to combine the 
two components which closes the loop allowing the multi-body simulation to run. This 
process is illustrated for the two main stages of the process in Figures 15 and 16. The first 
stage is to set up ADAMS so that all of the operational information of the model can be 
passed to Simulink. This includes information such as the slip angle, tyre deflection and 
longitudinal velocity required in the tyre model to calculate the resulting forces and moment 
of interest. Additional, variables are also set up to pass the tyre forces and moments back into 
ADAMS from Simulink once they have been calculated. This information is then transported 
to Simulink where it can be attached to the tyre model via input and output ports which are 
simply created via standard flow diagrams. With this information defined, the Simulink model 
can be converted into C code in the form of a dll file. 
 
Once created the dll file is then attached to the ADAMS multi-body model. The 
ADAMS model can then be solved as every integration step will send out the operational 
conditions which the dll file uses to calculate the ensuing tyre forces and moments and these 
are then passed back into ADAMS to allow the model to be solved. 
 
Using this methodology, a number of simulation scenarios could be explored where 
the LPTM model in Simulink could be imported into ADAMS to allow a multi-body 
simulation to be performed. Examples of the simulations conducted are shown in Figure 17 
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where a virtual tyre test rig and nose landing gear model were created and run with the LPTM 
tyre model supplying the resulting tyre forces and moments of interest. The result of the 
implementation of this methodology leads to a means by which the model can be utilised in a 
number of simulation packages, which allows the introduction of the model into multiple 
simulation environments. 
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5 CONCLUSIONS 
 
The work described here resulted in a new and unique low parameter tyre model 
specifically intended to replicate the aircraft tyres behaviour associated with aircraft 
manoeuvres on a runway. The results shown here are typical of those the model can achieve 
without any refinement to the parameters. The model is able to produce highly representative 
results when compared to the aircraft tyre test data whilst maintaining the low parameter 
ethos. 
 
A methodology for the implementation of the model has been developed where the 
tyre model formulations exist in the Matlab/Simulink program. This allows the model to be 
transported to other simulation environments including the potential use with real time flight 
training simulators. 
 
Overall the research has been able to provide a number of new alternatives when 
considering the simulation of aircraft tyres within a multi-body simulation environment from 
which further expansion of the model and simulation techniques are possible. In particular, 
the model has been shown to yield results which closely match that of the test data for the side 
force and self aligning moment and the formulations developed are readily amenable to accept 
the future modifications required to represent braking force. 
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Figure Captions 
 
Figure 1: Speed Dynamics Machine for Tyre Testing Formerly at Dunlop Tyres Ltd. 
Figure 2: Landing Gears and Tyres (courtesy of Airbus Operations Ltd) 
Figure 3: Airbus TERATYRE (Test Rig for Aircraft TYRE) Machine [10] 
Figure 4: Available Aircraft Tyre Data versus Current Need (adapted from [10]) 
Figure 5: Examples of a Finite Element Aircraft Tyre 
Figure 6: The SAE Tyre Coordinate System used by the LPTM Tyre Model  
Figure 7: Side Force with Slip Angle (Fiala Model and Test Data) 
Figure 8: Side Force with Slip Angle (Harty Model and Test Data) 
Figure 9: Self Aligning Moment with Slip Angle (Fiala Model and Test Data) 
Figure 10: Self Aligning Moment with Slip Angle (Harty Model and Test Data) 
Figure 11: Side Force Response Breakdown 
Figure 12: Pneumatic trail gradient and intercept parameter definitions 
Figure 13: Side Force with Slip Angle (LPTM Model and Test Data) 
Figure 14: Self Aligning Moment with Slip Angle (LPTM Model and Test Data) 
Figure 15: Stage 1 of the Control System Import Function methodology 
Figure 16: Stage 2 of the Control System Import Function methodology 
Figure 17: ADAMS Models Developed Utilising the Control System Import Function 
 
Table Captions  
 
Table 1: Examples of Available Tyre Models 
 
 
 Application Tyre Model 
 
Model Type 
Specifically 
for 
Automotive  
Adapted 
for 
Aircraft  
Specifically 
for Aircraft  
Durability / 
Vehicle 
Handling  
Studies 
ADAMS Durability [28] Physical ●   
FTire [27] Physical ● ●  
Sharp [29] Physical ●   
TM Easy [30] Empirical ●   
Vehicle 
Handling 
Studies 
Daugherty [9] Empirical   ● 
Delft [31] Empirical ●   
Fiala [7] Empirical ● ●  
Harty [32] Empirical ●   
Magic Formula [5] Empirical ●   
Magic Formula V3 [6] Empirical ●   
Milliken [33] Empirical ●   
NASA R-64 [2] Empirical   ● 
UA [34] Empirical ● ●  
ADAMS 5.21 [35] Interpolation ●   
Table 1: Examples of Available Tyre Models 
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Figure 4: Available Aircraft Tyre Data versus Current Need (adapted from [10]) 
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Figure 6: The SAE Tyre Coordinate System used by the LPTM Tyre Model 
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Figure 7: Side Force with Slip Angle (Fiala Model and Test Data) 
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Figure 8: Side Force with Slip Angle (Harty Model and Test Data) 
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Figure 9: Self Aligning Moment with Slip Angle (Fiala Model and Test Data) 
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Figure 10: Self Aligning Moment with Slip Angle (Harty Model and Test Data) 
 
Figure 11: Side Force Response Breakdown 
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Figure 12: Pneumatic trail gradient and intercept parameter definitions 
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Figure 13: Side Force with Slip Angle (LPTM Model and Test Data) 
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Figure 14: Self Aligning Moment with Slip Angle (LPTM Model and Test Data) 
 
Figure 15: Stage 1 of the Control System Import Function methodology 
 
Figure 16: Stage 2 of the Control System Import Function methodology 
 
Figure 17: ADAMS Models Developed Utilising the Control System Import Function 
